Abstract Interconnected submicron pores were created on the walls of a honeycomb monolith structure by the unidirectional freezing of a binary polymer solution. Agglomerated globules of polyethylene glycol (PEG) in a binary solution of polystyrene (PS) and PEG in 1,4-dioxane solvent were frozen unidirectionally in a liquid nitrogen bath. Removing the frozen solvent and the agglomerated globules of PEG by freeze-drying and leaching, respectively, enabled us to create interconnected pores in the PS walls. The combination of PS and PEG was effective in creating interconnected pores in the walls because PS and PEG are poorly soluble in one another. The higher freezing rate and lower PEG weight fraction of the binary solution effectively reduced the pore size in the microtube walls.
Introduction
Honeycomb monolith structures have garnered significant scientific interest because of their unique porous structure. Unidirectional freezing and freeze-drying was used to form porous materials with a micrometer-sized honeycomb structure composed of highly ordered microtubes that align in the freezing direction [1] [2] [3] [4] . This unidirectional freezing and freeze-drying method has been applied to various materials, such as polymer solutions [4] [5] [6] [7] [8] , solgels [9] [10] [11] [12] , hydrogels [13] , ceramic slurries [11, [14] [15] [16] [17] [18] [19] [20] , and inorganic particles in colloidal solutions [2, 12, 21] . Because of their highly porous structure, they have been used as catalyst supports [13] , catalysts [12] , drug delivery media [22] , and bioscaffolds [7] .
Unidirectional freezing is a highly controllable process. Well-defined porous structures can be achieved by varying the freezing rate [14, 23, 24] , material concentration [5, 15] , and particle size of a ceramic slurry [25] and by adding impurities to the solution [4, 6] . Current honeycomb monolith structures exhibit poor interconnectivity through the microtube walls, which can cause plug flow, lower contact efficiency, and a higher pressure drop. Kim et al. [6] successfully prepared a porous honeycomb monolith structure with interconnecting microtube walls from a binary polymer solution of poly(L-lactic acid) (PLLA) and polyethylene glycol (PEG) in 1,4-dioxane (Dx) solvent, in which PEG was the porogen and PLLA was the base matrix, by means of unidirectional freezing and porogen leaching methods. In their study, the following pore formation mechanism was proposed. The Dx concentration in solution decreased as it crystallized during the unidirectional freezing process. At a certain Dx concentration, the solvent crystals trapped the polymers (PLLA and PEG) in a crystalline morphology characterized by PEG islands surrounded by PLLA. Leaching the PEG domains resulted in the formation of interconnected pores in the microtube walls.
Several studies have reported on the ability of solvent evaporation to induce phase separations in a binary polymer solution before solidification, forming porous membranes [26, 27] . Kim et al. [26] prepared a polymeric porous film from a binary polymer solution of polystyrene (PS), PEG, and toluene solvent by dry-casting. The polymer solution was cast on an aluminum Petri dish and allowed to dry in a temperature-controlled and nitrogen-purged incubator. The obtained films exhibited micron-scale pores (approximately 12 lm) that had formed without leaching the PEG droplets. The researchers suggested that the pores were formed by polymer-polymer phase separations and PEG-solvent phase separations in the PEG phase.
These studies found that decreasing the solvent concentration induced polymer demixing. Kim et al. [26] used a binary polymer solution of PS and PEG in toluene, which is difficult to apply to unidirectional freezing due to the lower freezing point of toluene. Nevertheless, their study suggests a method for creating pores in the walls of honeycomb monolith structure. In studies on unidirectional freezing, Kim et al. [6] used Dx as a solvent because of the large cryoscopic constant and high vapor pressure of the crystal. Therefore, a dry-casting experiment with PS/PEG/ Dx binary polymer solution was used to confirm the structure formation via polymer demixing. Figure 1 shows scanning electron microscopy (SEM) micrographs of the films made by solvent drying from both PS/PEG/Dx and PLLA/PEG/Dx solutions using the same method as Kim et al. [26] . The ratios of binary polymers, PS/ PEG and PLLA/PEG, were 70/30, and the total concentration of binary polymers was 10 wt%. The solutions were dried under a 3 L/min N 2 purge. As observed in Fig. 1 , a greater number of micron-scale pores were formed on the PS/ PEG film surfaces than those of the PLLA/PEG/Dx binary polymer solution. It was instructive that PS was better suited to create pores than PLLA when paired with PEG. Styrene is less compatible with ethylene glycol than lactic acid is [28] . The detail about Hansen solubility parameter (HSP) is discussed in ''Appendix'' section. Selecting the pair of less soluble polymers is the key for creating pores via phase separation induced by solvent evaporation.
In this study, the binary polymer of PS and PEG in Dx solvent was subjected to unidirectional freezing to create numerous pores on the walls of the honeycomb monolith structures. The in situ cloud and freeze points were measured to understand the time course of the agglomeration of polymer domains and the freezing of the solvent. The dynamic light scattering (DLS) technique was also employed to investigate the size of polymer domains to determine which polymer droplet was formed during unidirectional freezing.
Experimental
Materials PS (M w = 280000 g/mol, Aldrich) and PEG (M w = 20000 g/mol, Wako Chemicals Ind. Ltd.) were used as the polymers, and dehydrated Dx (Wako Chemicals Ind. Ltd.) was used as the solvent. PS and PEG were dissolved in Dx at 50°C. Prior to dissolution, PS and PEG were dried in a vacuum oven for 1 day to remove moisture. The solutions were prepared at total polymer concentrations of 5, 7, and 10 wt% and PS and PEG blend ratios of 50/50, 70/30, and 90/10, respectively.
Unidirectional freezing process
The procedural details for unidirectional freezing were found elsewhere [6] . In brief, the binary polymer solution was poured into polypropylene (PP) test tubes with the following dimensions: 1.2 mm thick walls, 10 mm diameter, and 100 mm length. The solution in the PP test tubes was unidirectionally frozen by immersion in a liquid nitrogen bath at 1.5, 3.5, and 7.5 cm/h. The frozen samples were freeze-dried at -20°C for 4 days in vacuo, and the PEG was leached in distilled water over 7 days. After leaching the PEG from the material, the samples were dried under vacuum for an additional 4 days. The obtained porous honeycomb structure consisted primarily of PS. Characterization SEM (upgraded Tiny-SEM 1540, Technex Lab Co. Ltd., Japan) was used to image the obtained cell structures. The SEM preparation scheme was the same as in our previous paper [6] .
DLS measurement DLS measurements were performed on a Zetasizer Nano ZS (Malvern, UK). This technique measures the diffusion of particles moving under Brownian motion, which is then converted into a particle size and size distribution using the Stokes-Einstein relationship. The DLS technique has been applied to various polymer solutions to characterize the sizes of polymer globules and agglomerates [29] [30] [31] .
The measurement was performed for the individual 5 wt% PS and 2.1 wt% PEG polymer solutions and the 7 wt% PS/PEG (=70/30) solution in Dx solvent at 20°C.
In situ cloud and freeze point measurement An in situ cloud and freeze point measurement was conducted to investigate the relationship between polymer agglomeration and the freeze point of the sample solution. A simple laser transmittance apparatus was used to measure the turbidity and temperature of solution. The solution temperature was lowered from 20°C at a rate of 0.7°C/min. Details of the measurement scheme can be found in the previous work [6] .
Results and discussion
Porous structure prepared by unidirectional freezing
The binary polymer solution of 70/30 PS/PEG in Dx solvent with a total polymer concentration of 7 wt% was frozen unidirectionally at an immersion rate of 3.5 cm/h into the liquid nitrogen bath. Figure 2a -c show the SEM micrographs of the honeycomb monolith structure obtained before leaching PEG in water. The honeycomb monolith structure was characterized by microtubes with diameters of approximately 10-20 lm and nano-scale pores up to 300 nm in diameter in the microtube walls. The nano-scale pores were formed by the sublimation of Dx crystals in the agglomerated PEG globules.
The results of unidirectionally freezing the PS/PEG/Dx solution indicated that the preliminary experiment was helpful for selecting PS as the polymer to be paired with PEG. In order to create more pores on the walls, the Fig. 2c were immersed in distilled water to leach out the PEG domains from the walls. The formation of a greater number of pores on the microtube walls is apparent in Fig. 2d relative to Fig. 2c . The results indicate that most of the agglomerated PEG globules were embedded in the microtube walls.
As mentioned above, most of the pores on the microtube walls were exposed by leaching out the agglomerated PEG globules. In order to confirm the existence of the agglomerated PEG globules in the solution, DLS and in situ cloud point and freeze point measurements were performed. The DLS measurement gives the hydrodynamic diameter (D H ) of the suspension, which could be characterized as either a globule of polymer chains or an agglomeration of polymer globules, depending on the diameter. Figure 3 shows the distributions of the D H s of (a) 5 wt% PS, (b) 2.1 wt% PEG, and (c) 7 wt% PS/PEG, whose polymer ratio was 70/30. As shown in Fig. 3a, b , the PEG/Dx solution has two distinct D H peaks, whereas the PS/Dx solution has only one peak. The peak at approximately 10 nm for both solutions originates from globules of the PS and PEG chains. PS exhibited a higher D H than PEG because of its higher molecular weight. Moreover, according to the HSPs, Dx is a good solvent for PS and a poor solvent for PEG. The PS polymer chain is more swollen than that of PEG. Another peak at 373 nm in the PEG/Dx solution could be attributed to spherical domains formed by the agglomeration of the PEG globules. Once the PEG globules form the spherical domain of agglomerated PEG globules, their D H becomes fairly large. The Brownian motion of the agglomerated PEG becomes slow. Figure 3c shows the D H distribution of the PS/PEG binary polymer solution (7 wt%, 70/30) in Dx solvent, which has two distinct peaks at 5.84 nm and 93.7 nm. These peaks are assigned to the polymer chain globules and the spherical domains of agglomerated globules, respectively. Since PS polymer chains are dispersed in the good solvent, they tend not to agglomerate, instead forming a large domain at this concentration. As the PEG chains tend to form spherical domains of agglomerated PEG, the larger peak in Fig. 3c at 93.7 nm consists of a large number of agglomerated PEG globules.
The spherical domain of agglomerated PEG is 373 nm in the unary solution and 93.7 nm in the PEG/PS binary polymer solution. The decrease of D H from 373 to 93.7 nm is caused by the adsorption of the PS chain on the spherical domains of PEG. The PS chains reduced the electrostatic interaction between the PEG chains and the solvent, allowing much smaller spherical domains to exist in PS/PEG/Dx.
These results indicate that the polymer chains of PS have enough mobility to diffuse into the liquid phase during the solidification of Dx solvent. The PS chains could diffuse faster with advancing the solvent crystals. On the other hand, the large spherical domains of agglomerated PEG prevent its own diffusion and it could be captured in front of advancing solvent crystal. Therefore, the captured PEG domains resulted in the micro-pores on the honeycomb tube walls. Figure 4 shows the temperature-time and laser intensity-time curves of the binary polymer solution acquired during the cloud point and freeze point measurements. The PS/PEG ratio was 70/30, and the total polymer concentration was 7 wt%. Because of the heat of fusion of Dx, a temperature increase was observed with the occurrence of solvent crystallization. At this point, the generated solvent crystals scattered the laser light, reducing the transmitted intensity. A small intensity decline without a temperature increase was observed before the freeze point, indicating that the agglomeration of PEG globules occurred in solution and scattered the light at low temperatures.
The pore size distributions obtained from Fig. 2c, d are shown in Fig. 5 . The changes in the pore size distribution before and after PEG leaching are clearly observed. The leaching of the PEG phase increased the number of interconnected pores in the walls. The average pore size before PEG leaching was 1.63 lm, and the average for size after the leaching was 1.26 lm. Most of the newly observed pores have smaller diameters than the previously existing pores. These tiny pores had not only been filled but also covered by the PEG globules, which precipitated at the interface of the solvent crystals and formed a thin cover layer that could be removed by leaching.
In the following sections, the SEM micrographs of the porous samples and the average pore sizes on the wall refer to observations after the leaching process. The effects of the freezing rate and PEG weight fraction in solution on the pore diameters on the microtube walls were investigated to understand the cause-and-effect relationships of the unidirectional freezing of a binary polymer solution.
Effects of freezing rate on pores in the microtube walls The unidirectional freezing series was conducted at three different freezing rates while maintaining a 70/30 blend ratio and a total polymer concentration of 7 wt%. The examined freezing rates were 1.5, 3.5, and 7.5 cm/h. Figure 6a-c show that cellular honeycomb monolith structures were obtained at all freezing rates. The pore sizes on the microtube walls at different freezing rates are plotted in Fig. 7 . The pore diameter is on the order of microns at 1.5 and 3.5 cm/h and submicrons at 7.5 cm/h. The pore size in the microtube walls decreased with increasing freezing rate. The pore size could be adjusted by tuning the freezing rate, which changes the agglomeration time of the spherical domains of the PEG phase until the freeze point.
Effects of the total polymer concentration or PS/PEG ratios on the microscale pores on the microtube walls In order to investigate the effect of total polymer concentrations or PS/PEG ratios on the pores on the microtube walls, solutions of PS/PEG/Dx at different total polymer concentrations at different PS/PEG ratios were prepared and unidirectionally frozen. Figure 8 shows SEM micrographs of the samples prepared at a constant immersion rate of 3.5 cm/h. Cellular honeycomb structures with microtubes characterized by smooth walls and pores were observed in the samples containing total polymer concentrations of 5 and 7 wt%. In contrast, dendrite structures emerged when the total polymer concentration was increased to 10 wt% due to the increased instability of the solvent crystalline growth. The pores on the walls derived from PEG agglomeration are larger for higher total polymer concentrations and PEG blend ratios. The pore size varied with the total amount of the source of the spherical domains in the PEG phase.
Conclusions
The binary polymer solution of PS and PEG in Dx solvent was applied to the unidirectional freezing process to create interconnected pores in the microtube walls of the honeycomb monolith structure.
Micrometer-and submicrometer-sized pores were successfully created on the walls. The pore size could be varied by changing the freezing rate and the total polymer concentration of PS and PEG.
The cloud and freeze point measurements and the DLS indicate the existence of spherical domains of agglomerated PEG before solvent freezing. These domains tended to increase the size of the agglomerates, which is key in controlling the size of the PEG phase and eventually determining the pore size. 
